We propose an effect whereby an electric current along the interface between a ferromagnetic and normal metal leads to injection of pure spin current into the normal metal, if the magnetizationdirection in the ferromagnet varies along the direction of current. For the specific example of a ferromagnetic domain wall, we compute the inverse spin-Hall effect voltage this spin current gives rise to when injected into a Pt layer. Furthermore, we show that this pure spin current leads to modification of the parameters that govern spin transfer and current-driven domain-wall motion, which can be use to optimize the latter in layered magnetic systems. This effect in principle enables control over the location of spin-current injection in devices. Introduction -Spintronic devices make use of the spin degree of freedom to process and store information. Hence, the generation and detection of non-equilibrium spin accumulation and spin currents is of paramount importance. In particular, all-electric injection and control of spin currents at room temperature and without high magnetic fields is crucial for viable integration with and as extension of current technology [1] . To obtain spin currents, a large variety of physical mechanisms and geometries are investigated [2, 3] . One class of approaches relies on parametric pumping [4] . In these pumping approaches a periodic (AC) excitation is transformed into a DC spin current. Examples are circularly polarized optical photons [3, [5] [6] [7] , magnons [8-10], acoustic waves [11] and single-domain ferromagnetic resonance [12] [13] [14] .
Introduction -Spintronic devices make use of the spin degree of freedom to process and store information. Hence, the generation and detection of non-equilibrium spin accumulation and spin currents is of paramount importance. In particular, all-electric injection and control of spin currents at room temperature and without high magnetic fields is crucial for viable integration with and as extension of current technology [1] . To obtain spin currents, a large variety of physical mechanisms and geometries are investigated [2, 3] . One class of approaches relies on parametric pumping [4] . In these pumping approaches a periodic (AC) excitation is transformed into a DC spin current. Examples are circularly polarized optical photons [3, [5] [6] [7] , magnons [8] [9] [10] , acoustic waves [11] and single-domain ferromagnetic resonance [12] [13] [14] .
In contrast to the pumping approaches described above, a spin accumulation can also be obtained via a static bias. A current through a ferromagneticnonmagnetic-metal (FM-NM) junction causes spin injection into the nonmagnetic layer [15, 16] . Room temperature injection in silicon was demonstrated in Ref. [17] . Spin-orbit coupling also opens the possibility to create spin currents using electric fields only. For example, the spin Hall effect generates a spin current transverse to a charge current [18] [19] [20] [21] .
The interplay between charge, spin and temperature, studied in the young field of spin caloritronics, yields novel ways to inject pure spin currents using temperature gradients. Thermal transport leads to the generation of spin accumulation via the spin Seebeck effect [22] , spin dependent Seebeck effect [23] and spin Seebeck tunneling [24] .
In this Letter we propose a mechanism for the injection of a transverse spin current from a FM-NM interface by a charge current, as illustrated in Fig. 1 . Consider a (pinned) domain wall in the FM layer such that the direction of magnetization m(x) depends on the coordinate along the wire, and such that an electric current flows along the wire. We denote the charge current density on the interface by j c . It is the magnitude of this charge current density that governs the magnitude of the injected spin current. As we discuss in detail below, the change in orientation of the magnetization due to the presence of the domain wall will cause a transverse spin current j in s into the NM given by
where j in s (x) is the injected spin-current density flowing perpendicular to the interface (and hence transverse to the charge current direction) with spin polarization in the direction of the helicity m × (j c · ∇)m of the magnetization texture along the current direction (in the y-direction for the situation in Fig.1 ). Here, m(x) is the unit-vector magnetization direction of the FM-layer, (1) is the main equation describing the effect we propose in this paper.
In the next section derive an expression for the coefficient g in terms of spin-dependent scattering properties of the FM-NM metal interface, which can in principle be evaluated for realistic interfaces. This derivation is somewhat technical and some readers may wish to skip to the end of this section where we also give an estimate for g using a physical interpretation of the transverse spin current in terms of spin pumping.
Scattering Theory -We consider a two-dimensional tight-binding model for the interface between ferromagnet and normal metal. The ferromagnetism is described with localized magnetic moments exchange coupled to the electrons, and connected on every site r = {i x , i y } to a metallic reservoir (i.e., the normal metal) with chemical potentials µ r . The system is described by the Hamiltonian H = H S + H L + H C representing electronic system in the FM, NM-leads and contacts between them. The first term is specified in terms of second-quantized operatorsĉ r,σ (ĉ † r,σ ) that annihilate (create) an electron with spin σ at site r
which describes nearest-neighbor (indicated by the brackets ·, · ) hopping with amplitude J S and coupling to the local magnetic moments m r , where ∆ is the exchange energy and τ is the Pauli spin-matrix vector. The metallic contact is described by a set of one-dimensional leads at chemical potential 
where ∂L r denotes the last site of the lead and J r C is the amplitude of tunneling among both subsystems. An electric current flows through the FM by a difference in chemical potentials µ L,R that connect the left and right sides of the FM.
The spin current flowing from the system to the leads is determined as the rate of change of spin density in the r-th site, i.e.
, where a is the distance between sites. The general expression has been derived before [25] and is given by
where
) is the spectral-weight contribution due to the lead at site r and the rate Γ r ( ) = i Σ r,(+) ( ) − Σ r,(−) ( ) . Since we are assuming nonmagnetic leads, the self-energy Σ r,(+) ( ) will be proportional to the identity in spin space. Its only non-zero matrix elements are Σ
To carry out the explicit evaluation of Eq. (4) in terms of the magnetization orientation m r it is convenient to decompose the Green's functions into spin-independent singlet and spin-dependent triplet parts, namely
Taking the trace over the spin indices in Eq. (4) we distinguish two contributions to the spin current, one component parallel to the magnetization vector and other transverse, denoted by j s,r and j ⊥ s,r respectively. The transverse spin current density induced by the magnetic texture to lead r is given by
with the transmission probability t
r ,r ( ) for the spinpolarized part of the current flowing from the lead at site r to the lead at site r through the FM. We now consider a zero net current (but nonzero spin current) flow into the leads, except for the left and right leads that have chemical potentials µ L = F + |e|V and µ R = F , respectively, with F the Fermi energy. At low temperatures and assuming the length scale of magnetization-orientation variation much greater than the inverse Fermi wavelength we see that in the continuum limit the only contributions to Eq. (6) are from neighboring leads for which m r × m r → m(x) × a∂ x m(x). Keeping these contributions, we find that the transverse spin-current density to lowest order in magnetization gradients satisfies Eq. (1)
, where t( F ) is the total (i.e., summed for both spin channels) transmission probability. Both this transmission probability, and the spin-dependent transmission probability are taken between leads at neighboring site and are taken at the Fermi energy in the low-temperature limit. Also note that these transmission probabilities are evaluated for the homogeneous ferromagnetic state, as Eq. (6) is already first order in magnetization gradient. We obtain an estimate for the coefficient g by connecting the transverse spin current [c.f. Eq. (1)] to spin pumping by a precessing magnetization. To make this connection we consider a helical magnetization m hel (qx+ ωt) precessing with frequency ω. We assume the wavelength of the helix to be much larger than the spin diffusion length in the ferromagnet, qλ sd 1, such that we can use the spin-pumping expression for a single-domain ferromagnet [12, 13] 
for the spin current j pump s pumped through the FM-NM interface by a time-dependent magnetization. Now we make a Galilean transformation to the frame moving with velocity ω/q. In this frame we have a static magnetization and a spin velocity of −ω/q and obtain Eq. (1) with g/g ↑↓ = 1 by demanding that the injected spin current does not change. Note that Galilean invariance is in general broken due to disorder leading to a g/g ↑↓ = 1 but of order unity. From this argument we can also make an estimate for the magnitude of the transverse spin current injected by a domain wall of width λ dw . For narrow domain walls with λ dw of the order of a few nm and currents for which v s is of the order of 100 m/s (that can be obtained in experiments), the injected spin current density would be equivalent to pumping with a ferromagnetic resonance frequency of v s /λ dw ≈ 100 GHz.
Inverse Spin Hall Effect -We now consider how the transverse spin current can be probed by the inverse spin Hall effect (ISHE). We consider a pinned domain wall with a width λ dw in a perpendicular magnetized FM, as shown in Fig.  1 , where ϕ dw is the angle of the magnetic moments in the wall with the x-axis.
We model the magnetization by m dw (x) = (cos ϕ dw sin θ, sin ϕ dw sin θ, cos θ)
T , where θ = 2 arctan exp Q
, and Q is the charge of the domain wall. The injected spin-current will result in a nonzero spin accumulation µ s (x, z) which can be found by solving the spin-diffusion equation in the NM [13] , which in the static limit τ sf ∂µ s /∂t 1, is given by
where λ sd ≡ √ D s τ sf is the spin-diffusion length in the NM, and D s and τ sf are its spin-diffusion constant and spin-flip time, respectively. The boundary conditions for Eq. (8) enforce continuity for the spin current and are given by
where L N , d N and σ are the length, thickness and conductivity of the NM respectively, j net s,z (x) is the net spincurrent into the NM. The solution for the spin accumulation yields µ s (x, z) = dx K(x − x , z)j net s,z (x ) where the fourier transform of the kernel K(x, z) is given bỹ
(12) The total spin current is the sum of the spin-injection and spin-pumping contributions, as given in Eqs. (1) and (7), and a spin-current j 
where we neglected the imaginary part of the mixing conductance. This equation is justified for realistic interfaces [27] . Using Eq. (12) in Eq. (13) we get an expression for the total spin-current in terms of the spininjection and pumping contributions only. Note that here the pumping contribution is zero as we consider a static pinned domain wall. We come back to this contribution when we consider the interfacial enhancement of spin transfer torques. The ISHE [28, 29] gives a voltage signal from a spin current via j 
which holds for the domain wall far from the edges of the NM-layer. Note the thickness of the Pt-layer influences the signal considerably [30] , but that the result does not depend on the width of the domain wall because the ISHE induced voltage is in the x-direction. For a Co-Pt interface we take g ↑↓ ≈ 4 · 10 15 Ω −1 m −2 [31] , σ Pt = 9.5 · 10
6 Ω −1 m −1 , λ sd = 1.5nm, λ dw ≈ 5nm and a platinum thickness of d N = 3nm, θ SH = .05 and obtain ∆V ISHE x /η ≈ 40nV. For a current density in the cobalt of j c ≈ 10
12 Am −2 .
Interfacial enhancement of spin transfer -Another way to observe the injection of the spin current is the effect it has on the motion of the domain wall. This is important for the understanding of domain-wall dynamics in layered magnetic materials, that are the subject of ongoing research [32] . The total spin current ejected from the FM-layer reduces the angular momentum of the FM, inducing a torque which modifies the domain-wall dynamics. The Landau-Lifshitz-Gilbert equation in the presence of this additional torque is given by
where α 0 and β 0 are the bulk Gilbert damping and nonadiabaticity parameter respectively. The FM has thickness d F and hard-axis anisotropy K ⊥ which we take to be along the y-axis and is included in the energy functional E MM that also contains the exchange and easy axis anisotropy that set the domain-wall width. From the LLG equation [Eq. (14)] we obtain the equations of motion for the collective coordinates of the domain wall, which are given bẏ
where α r,ϕ and β ϕ are given by
with ξ = {r, ϕ} and where Π(x − x ) is given by
Note that the integrals I ϕ,r are functions of the dimensionless parameters λ dw /λ sd , d N /λ sd and g ↑↓ λ sd /4πσ. The average velocity of the current-driven domain wall is given by
where the critical velocity is given by v c = K ⊥ λ dw /2 . The ratio β ϕ /α ϕ determines the qualitative behavior of the domain-wall velocity as a function of current. In Fig.  2 this ratio is shown as a function of the thickness of the normal metal layers in the multilayer. Note that in the limit of a large ratio λ dw /λ sd our result for alpha coincides with interfacial enhancement of Gilbert damping in single-domain magnets obtained by Tserkovnyak et al. [12, 13] .
Discussion and Conclusions -In this Letter we described a mechanism for transverse spin injection across a FM-NM interface that is induced by a magnetization gradient along a current, and focused on the example of a pinned domain wall. We note here that if the domain wall is not pinned and moves with velocity v dw , the injected spin current is altered which is described by the replacement v s → v s − v dw in Eq. (1). The position of the injection is dependent on the position of the domain wall which could lead to controllable local spin injection. Moreover, due to the spin accumulation induced in the NM layer(s) the measured α and β parameters for domain-wall motion for multilayer systems will be different than bulk values. We expect that this effect plays a role in all thin-film measurements of domain-wall dynamics. In fact, large values of beta are typically reported in such systems [33] , pointing to the possibility of interfacial enhancement.
Other spin-injection mechanisms, like the spindependent Seebeck effect [23] or diffusive spin injection [16] , typically induce a spin current in the NM-layer with the spin direction parallel to the magnetization in the ferromagnet. Therefore the spin-injection we discussed in this Letter, which induces a spin current polarized in the direction of the helicity, is distinguishable.
We also note that in principle there is a spin current with spin polarization in the direction of (v s · ∇)m that we have ignored as it oscillates and averages out to small values when integrated over position, and is determined approximately by the imaginary part of the mixing conductance which is small for realistic interfaces.
The domain-wall induced spin injection could be used in a memory device consisting of a FM 1 −NM − FM 2 trilayer where FM 1 is a ferromagnet with a domain wall adjacent to FM 2 , which is a monodomain. For the geometry as shown in Fig. 1 the injected spin-current has the same symmetry as the SHE. We can estimate the magnitude of the effective spin Hall angle for the spin-injection to be θ = |2ej s / j c | ≈ 0.008 for a Co-Pt interface, where the spin current was estimated by replacing the gradient in Eq. (1) by 1/λ dw . The presence of this spin current in addition to the ISHE spin current could be used to control the switching of the single domain FM 2 by the presence of a domain wall in FM 1 .
The reverse process of spin-injection occurs as well. A spin current flowing with a transverse spin direction into a ferromagnet at the position of the domain wall will lead to a voltage difference over the ferromagnetic strip. In this way domain walls could be used as a local moveable sensors of spin current. In future work we plan to investigate transverse pure spin currents associated with heat currentsin the same geometry as discussed here.
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